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Influence of Dietary Applied Monoterpenoids and Derivatives on Survival
and Growth of the European Corn Borer (Lepidoptera: Pyralidae)
Abstract
Sixteen natural monoterpenoids and 6 synthetic derivatives were selected for study of larvicidal activity and
growth inhibitory effect against the European corn borer, Ostrinia nubilalis (Hübner). For this study, 2
different dietary exposure bioassays were used: compounds applied on the diet surface (on-diet), and
compounds incorporated into the diet (in-diet). Most of the monoterpenoid compounds showed some
degree of larvicidal activity in both bioassay procedures after a 6-d exposure period. Among the
monoterpenoids, pulegone was the most active. Larvicidal toxicities were significantly enhanced for the
structurally modified compounds; monoterpenoid derivatives MTEE-25 (2-fluoroethyl thymyl ether) and
MTEE-P (propargyl citronellate) were most toxic to borer larvae. When reared on diet containing the
monoterpenoids or their derivatives, changes in developmental parameters and pupal weights of the European
corn borer also were noted when they were fed several of the compounds. Some larvae reared on treated diet
with higher concentrations of the test compounds died before pupating. In general, growth and development
of the European corn borer were affected by monoterpenoid compounds, and some compounds such as l-
menthol, pulegone, MTEE-25, and MTEE-P acted as insect growth inhibitors.
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ECOTOXICOLOGY
Inßuence of Dietary Applied Monoterpenoids and Derivatives on
Survival and Growth of the European Corn Borer
(Lepidoptera: Pyralidae)
SANGKYUN LEE,1 RONG TSAO,2 AND JOEL R. COATS
Pesticide Toxicology Laboratory, Department of Entomology, Iowa State University, Ames, IA 50011
J. Econ. Entomol. 92(1): 56—67 (1999)
ABSTRACT Sixteen natural monoterpenoids and 6 synthetic derivatives were selected for study
of larvicidal activity and growth inhibitory effect against the European corn borer, Ostrinia nubilalis
(Hu¨bner). For this study, 2 different dietary exposure bioassays were used: compounds applied on
the diet surface (on-diet), and compounds incorporated into the diet (in-diet). Most of the
monoterpenoid compounds showed some degree of larvicidal activity in both bioassay procedures
after a 6-d exposure period. Among the monoterpenoids, pulegone was the most active. Larvicidal
toxicities were signiÞcantly enhanced for the structurally modiÞed compounds; monoterpenoid
derivatives MTEE-25 (2-ßuoroethyl thymyl ether) and MTEE-P (propargyl citronellate) were most
toxic to borer larvae. When reared on diet containing the monoterpenoids or their derivatives,
changes in developmental parameters andpupalweights of theEuropean cornborer alsowerenoted
when they were fed several of the compounds. Some larvae reared on treated diet with higher
concentrations of the test compounds died before pupating. In general, growth and development of
the European corn borer were affected by monoterpenoid compounds, and some compounds such
as l-menthol, pulegone, MTEE-25, and MTEE-P acted as insect growth inhibitors.
KEY WORDS Ostrinia nubilalis, monoterpenoids, natural products
THE EUROPEAN CORN borer, Ostrinia nubilalis (Hu¨b-
ner), is a serious pest of corn and other cultivated
plants in the northern hemisphere, including Europe,
Asia, and North America. Since this insect was intro-
duced into the United States .70 yr ago, it has rapidly
become one of themost important insect pests of corn
because of its ability to adapt to the new environment
and to attack to a large number of host plants (Beck
1989, Hudon et al. 1989, Ellsworth and Bradley 1992).
From theearly years ofEuropeancornborer research,
chemical insecticides have played a major role in crop
protection because of the high economic value of Þeld
corn, popcorn, and sweet corn for the fresh market
(Thompson and White 1977, GraÞus et al. 1990,
Weissling et al. 1992, Hutchison 1993, Rinkleff 1995).
However, the use of synthetic insecticides on corn
Þelds can lead to several potentially adverse effects,
including water and soil contamination, insect resis-
tance, and toxicity to nontarget species. Currently,
integrated pest management (IPM) is receiving in-
creased attention for European corn borer control
(Whitford et al. 1987, Ding et al. 1989). Research on
insect growth regulators is a potential pest manage-
ment tool, and some insect growth regulators have
been proved toxic against several lepidopteran larvae
(Chandler et al. 1992, Haynes and Smith 1993, Chan-
dler 1994).
Plant-derived compounds have various useful bio-
logical properties (Pillmoor et al. 1993) and more
diversiÞed modes of action on various target systems
(Mikolajczak et al. 1984, Harborne 1989, Houseman et
al. 1992). Monoterpenoids, plant secondary metabo-
lites found in the essential oils of higher plants, are
successful examples, and they are believed to aid
plants as chemical defenses against phytophagous or-
ganisms in nature. Many monoterpenoids can act as
insect repellents, attractants, oviposition cues, and an-
tifeedants as well as killing agents in numerous insects
(Brattsten 1983, Duke 1991). Karr and Coats (1992)
reported the inßuence of some monoterpenoids on
the growth and development of nymphs of German
cockroach, Blattella germanica (L.). Beninger et al.
(1993) showed that the diterpene 3-epicaryoptin re-
duced growth and increased mortality of the Euro-
pean corn borer larvae when incorporated into arti-
Þcial diet, and that pupal deformities and time to
pupation increased. Pulegone-containing diet (either
0.01 or 0.1%) retarded development and inhibited
reproduction of last-instar southern armyworms, Spo-
doptera eridania (Cramer) (Gunderson et al. 1985),
and menthol reduced growth and inhibited pupation
of the variegated cutworm, Peridroma sausta (Hu¨b-
ner) (Harwood et al. 1990).
Many researchers studied insect growth regulators,
monoterpenoids, and the European corn borer sepa-
1 Current address: Biotech, LG Chemical Research Park, Science
Town, Taejon, Korea.
2 Current address: Pest Management Research Centre-Vineland,
Vineland Station, Ontario Canada L0R 2E0.
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rately; however, little information is available on the
effects of monoterpenoids as insect growth regulators
on the European corn borer. Our objective was to
determine if several monoterpenoids and their deriv-
atives inßuence the survival, growth and develop-
ment, pupation rate, adult emergence rate, pupal
weight, and duration of larval and pupal growth pe-
riods ofEuropean cornborer larvae.Wealso observed
the differences in results from 2 different application
methodsÑthe test compounds applied either onto the
surface of the diet or incorporated into the diet.
Materials and Methods
Chemicals and Insects. Sixteen natural monoterpe-
noids showing insecticidal properties (unpublished
data) and other chemical reagents used in this study
were obtained from Aldrich (Milwaukee, WI), Pfaltz
and Bauer (Waterbury, CT), and Sigma (St. Louis,
MO). Also, 20% (AI) pyrethrins (Pet Chemicals, Mi-
ami Springs, FL) and rotenone (Adrich) were ob-
tained and used as standards. All solvents and chem-
icals were of certiÞed grade or .95% purity. They
were used directly for bioassays to determine larvi-
cidal toxicity and insect growth inhibitory effects, and
some were used as starting materials for the derivati-
zation of monoterpenoids with chemical reagents in
this laboratory.Details on the derivatization and iden-
tiÞcation have been reported previously (Tsao et al.
1995). All monoterpenoids and their derivatives used
in this study are listed inFigs. 1 and2, respectively. For
this bioassay, the European corn borer was chosen
because of its economic importance and convenience
of rearing and supply.Europeancornborer eggmasses
provided newly hatched larvae for this study. The egg
masses were obtained over a 24-h period from labo-
ratory colonies reared on an artiÞcial diet (Reed et al.
1972, Freedman1979) from theCorn InsectsResearch
Unit, USDA—ARS, Iowa State University, Ames, and
placed in an open transparent plastic bag. Egg masses
were maintained under incubation conditions of 25 6
18C, 40—60% RH, and a photoperiod of 14:10 (L:D) h,
and were observed daily until the proper hatching
time when the black larval head capsule became
clearly visible. The plastic bag was then closed to
prevent larvae from escaping and newly hatched lar-
vae were ready for testing. Late 2nd instars also were
obtained from the same laboratory for comparison
with the results from the experiment with newly
hatched larvae.
Bioassays and Statistical Analysis. Two different
chemical application methods were conducted. Drip-
ping the solution with a pasteur pipette onto the so-
lidiÞed artiÞcial diet (on-diet test) or mixing the so-
lution in the diet before it solidiÞed (in-diet test). All
ingredients of artiÞcial diet for European corn borer
larvae were supplied by the USDA-ARS Corn Insects
Research Unit, Ames, IA.
On-Diet Test. After dispensing '8 ml of prepared
diet ('588C) with a plastic squeeze bottle (200 ml)
into clearplastic cups (29ml,Creamer, Prod.No. 9051,
Holton Industries, Frenchtown,NJ)heldona cup tray
(30 cups in a tray, Prod. No. 9040, Holton), the dietary
preparations were allowed to solidify at room tem-
perature (25 6 28C).The trayswith cupswere stacked
and packaged in heavy plastic bags tagged with names
anddates and stored at 48Cuntil theywere used.Diets
from the cold storage room were warmed to room
temperature before use. Serial dilutions of each
monoterpenoid and derivative were prepared by us-
ing certiÞed acetone before treatment. The appropri-
ate amounts from 0.2 mg to 20 mg of compound in 200
ml of acetone solutionwereappliedwithanEppendorf
pipette to the surface of the diet ('3 cm diameter),
and the cups were open for 1 h to allow the solvent to
evaporate under ambient conditions. One neonate
European corn borer larva was transferred onto the
treated surfaceof eachdietwith aÞnepaintbrush, and
the cups were covered with lids lined with Saran. One
treatment group consisted of 5 cups, and each treat-
ment groupwas replicated 4 or 5 times. Untreated diet
and the same aliquot of acetone-treated diet also were
used for controls in this test. All prepared materials
were kept at room temperature (25 6 28C), and larvae
were observed daily. Larval mortalities were assessed
at 6 d after treatment by counting deadEuropean corn
borer, and mortality was calibrated using the Abbott
formula (Abbott 1925) with control data. Larvicidal
activities of monoterpenoids and derivatives against
the 1st-instar European corn borers were expressed as
LC50 values (milligrams per cup) by using probit anal-
ysis (SAS Institute 1991). In addition, growth of sur-
viving larvae was measured and recorded daily up to
adulthood for the following growth parameters: pupal
weights, duration of the larval period until pupation,
and duration of the pupal period until emergence.
Numbers of pupae and adults, weight (grams), and
duration periods (days) were expressed as means 6
SE and compared with controls. Least signiÞcant dif-
ferences at P 5 0.05 (SAS Institute 1991) were used to
separate the means.
In-Diet Test. To determine any differences between
the 2 chemical application methods, the following test
was designed. Monoterpenoids were mixed with the
artiÞcial diet before the diet solidiÞed. Serial dilutions
of chemical compounds were prepared as previously
described with certiÞed acetone before the test. The
temperature of the artiÞcial diet carried in a warm jar
was maintained at '588C with running hot water to
prevent hardening. Keeping the optimum tempera-
ture is very important because higher temperatures
can degrade some ingredients such as vitamins, and
low temperatures can allow themedium to solidify too
quickly. Prepared chemical solutions were incorpo-
rated when the dietary preparations, in squeeze bot-
tles, cooled down to '408C; the mixtures were then
thoroughly blended. Maximum acetone volume al-
lowed was up to 2.5 ml in 150 ml of diet. Treatment
concentrations ranged from 0.001 to 10,000 ppm (by
weight) in thedietmixtures. The treateddietmixtures
were poured into plastic cups in a holder tray de-
scribed earlier and were allowed to harden at room
temperature. The cupswere kept open for 6 h to allow
the organic solvent to evaporate under ambient con-
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ditions, packed in a heavy plastic bag, and stored in a
cold room at 48C until used (the next day). One ne-
onate larva was placed individually on the center of
each diet treated with a monoterpenoid at various
concentrations; each cup was then covered with a lid
lined with Saran. Five cups made 1 experimental unit,
and each unit was replicated 6 times. Untreated and
acetone-only treated diet also were used as controls,
Fig. 1. Monoterpenoid structures.
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and a different set of solvent tests was run concur-
rently for determining the safety level of 4 solvents
(acetone, methyl alcohol, ethyl alcohol, and ethyl ac-
etate) on the European corn borer larvae at different
concentrations(0.05, 0.5, 2.5, and5%ineachmedium).
TheEuropean cornborer larvaewere kept at 25 6 28C
and were observed daily for the determination of
larval growth, mortality, and the appearance of pupae
and adults. Each pupa was weighed, and the duration
of larval period and pupal period also were recorded.
Larval mortalities were assessed at 6 d after treatment,
and datawere adjusted using theAbbott formula (Ab-
bott 1925) with control data. Larvicidal toxicities of
monoterpenoids against 1st-instar European corn bor-
ers rearedon theartiÞcial diet incorporatedwith these
compounds were expressed by estimated LC50 values
as described previously. In addition, an experiment
with late 2nd instarswas conductedwith the prepared
diet mixed with compounds in comparison with the
result from the test conducted with the neonate Eu-
ropean corn borer larvae. Data were collected and
analyzed in the same way, using LSDs and probit
analysis.
Results
LarvicidalToxicity.Mostmonoterpenoids and their
derivatives selected for this study showed some de-
greeof larvicidal activity inbothadministrative routes,
when they were applied on the solidiÞed diet surface
(on-diet test) or when they were incorporated into
the diet (in-diet test). Generally, the larvicidal effects
occurred mostly between 3 and 6 d after treatments,
and the mortality data from daily observations were
accumulated until the 6th d. The dead insect bodies
appeared dark and liquidiÞed. SigniÞcant differences
occurred among monoterpenoids and derivatives ac-
cording to LC50 values and 95% CL.
On-Diet Test. Larval mortality of 1st instars was
moderately high at 6 d when the selected monoter-
penoids andderivativeswere applied on the surface of
the solidiÞed diet (Table 1). Within the group of 16
Fig. 2. Monoterpenoid derivative structures: MTTEE-25, 2-ßuoroethyl thymyl ether; MTEE-35, geranyl 2-chloro-5-
nitrocinnamic acid ester;MTEE-76, bornyl cinnamic acid ester;MTEE-90, 2,2,2-trißuoroethyl citronellic acid ester;MTEE-99,
eugenyl cinnamic acid ester; MTEE-P, propargyl citronellate.
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monoterpenoids tested, pulegone, a ketone type
monocyclic monoterpenoid, was the most active,
followed by thymol, a phenolic monocyclic monoter-
penoid; l-menthol, an alcoholic monocyclic mono-
terpenoid; and geraniol, an alcoholic acyclic mono-
terpenoid. Carveol, 4-carvomenthenol, limonene,
linalool, a-pinene, and a-terpineol were the least
toxic. In general, monocyclic monoterpenoids were
more toxic to the European corn borer larvae than
acyclic and bicyclic monoterpenoids. The larvicidal
toxicities of the monoterpenoid ether and ester de-
rivatives (MTEEs) were enhanced signiÞcantly com-
pared with the other derivatives. Among the deriva-
tives, MTEE-P (propargyl citronellate) was the most
enhanced. MTEE-P also showed an activity that was
greater than that of MTEE-90 (2,2,2-trißuoroethyl
citronellate), which has the same parent monoterpe-
noid. The LC50 value of MTEE-25 (2-ßuoroethyl thy-
myl ether, aßuorinated thymolderivative)was 6 times
more active than its parent compound, thymol.
In-Diet Test. Table 2 shows larval mortality pro-
duced by 4 organic solvents, commonly used in bio-
assays, after being added to the diet. Methyl alcohol
was the safest solvent to the 1st-instar European corn
borers for dietary bioassays, followed by acetone and
ethyl alcohol,whereas ethyl acetatewas themost toxic
to larvae. Larval mortality, when it occurred, was usu-
ally within the 1st 4 d.
Table 3 shows the larvicidal toxicity of 4 selected
monoterpenoids incorported in the diet against late
2nd instars. The most toxic monoterpenoids were l-
menthol (LC50, 17.4 ppm), and pulegone (LC50, 26.3
Table 1. Larvicidal toxicity (6-d mortality) against 1st-instar O. nubilalis of some selected monoterpenoids and derivatives applied
on the diet
Compound Doses na Slope 6 SE
LC50 95% CL
b
(mg per cup)
Monoterpenoids
Carveol 6 199 Ñ .20.0 Ñ*
4-Carvomenthenol 6 199 Ñ .20.0 Ñ
l-Carvone 6 199 20.94 6 0.15 3.69 2.55—5.56
Citronellal 6 199 20.83 6 0.11 17.6 6.96—63.7
Geraniol 6 199 20.54 6 0.13 2.43 1.62—3.80
Isopulegol 6 199 21.78 6 0.19 10.5 7.08—16.8
Limonene 6 199 Ñ .20 Ñ
Linalool 6 199 Ñ .20.0 Ñ
l-Menthol 6 199 20.55 6 0.13 2.35 1.59—3.60
Perillaldehyde 6 199 20.10 6 0.11 18.5 8.20—56.6
Perillyl alcohol 5 179 Ñ .2.00 Ñ
a-Pinene 6 199 Ñ .20.0 Ñ
Pulegone 6 199 0.99 6 0.16 0.29 0.20—0.40
a-Terpineol 6 199 Ñ .20.0 Ñ
Thujone 6 199 22.44 6 0.30 5.40 4.17—7.07
Thymol 6 199 20.31 6 0.13 1.62 1.10—2.46
Derivatives
MTEE-25c 5 179 0.57 6 0.16 0.27 0.16—0.50
MTEE-35 5 179 Ñ .2.00 Ñ
MTEE-76 5 179 0.72 6 0.16 0.18 0.11—0.33
MTEE-90 6 199 20.29 6 0.11 2.01 1.18—3.69
MTEE-99 5 179 Ñ .2.00 Ñ
MTEE-P 6 199 3.01 6 0.30 0.05 0.04—0.07
Standards
Pyrethrinsd 6 199 104 6 NA 0.0002 NA
Rotenone 6 199 4.24 6 0.43 0.03 0.02—0.04
a Number of O. nubilalis larvae tested.
b LC50s are means of 4 replicates; LC50 values were determined by probit analysis (SAS Institute 1991); concentrations are expressed in mg
of compounds on the diet in cups; larvicidal activity is considered signiÞcantly different when the 95% CLs fail to overlap. *, Unable to achieve
50% in laboratory tests.
c MTEE, monoterpenoid derivatives (see Fig. 2).
d Concentration adjusted for 20% (AI); NA, data not available.
Table 2. Larval mortality of 1st-instar O. nubilalis when 4 organic solvents were incorporated into diet
Solvent
d after
treatment
% mortality 6 SEMa
5 2.5 0.5 0.05 Control
Acetone 4 d 100 6 0a 80.0 6 0b 20.0 6 11.6c 6.70 6 6.67c 10.0 6 6.32c
Ethyl alcohol 4 d 100 6 0a 93.3 6 6.67a 26.7 6 6.67b 13.3 6 6.67bc 10.0 6 6.32c
Methyl alcohol 4 d 73.3 6 13.3a 33.3 6 6.67b 20.0 6 11.6b 6.70 6 6.67b 10.0 6 6.32b
Ethyl acetate 4 d 100 6 0a 100 6 0a 20.0 6 11.6b 13.3 6 6.67b 10.0 6 6.32b
All values are means 6 standard error of mean (SEM) of 4 replicates. Means within a row followed by the same letter are not signiÞcantly
different (LSD, P 5 0.05, SAS Institute 1991).
a Concentrations are expressed as grams of compounds in 100 g of the diet in cups.
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ppm), which was slightly less toxic. The toxicities of
both pulegone and l-menthol were greater than the
standard compound, rotenone (LC50, 52.3 ppm).
ChronicEvaluationTests. PupationRates. Some lar-
vae reared on the monoterpenoid-treated diet at
higher concentrations were dead before undergoing
pupation (larvicidal toxicity). All larvae died before
pupation with the 20-mg treatment of l-carvone, l-
menthol, pulegone, thujone, thymol, MTEE-25,
MTEE-90, and MTEE-P. Pulegone, MTEE-25, and
MTEE-P killed all larvae even at the 2-mg treatment.
Some monoterpenoids reduced percentage pupation
rates in a broad range of concentrations (5—85% com-
pared with the control) (Table 4). l-Menthol showed
20—30% reduced pupation at all concentrations from
0.2 mg to 2 mg), and monoterpenoid derivatives
MTEE-25, MTEE-99, and MTEE-P showed a greatly
reduced pupation rate (20—70%) at most concentra-
tions.
Similar trends were obtained from the in-diet tests
(Table 5 and6).Pulegonekilledall larvaeat thehigher
concentrations (10,000 or 1,000 ppm)and reduced the
pupation rate slightly in the in-diet testwith 1st instars
(Table 5). Pulegone reduced pupation to an even
greater degree (38—48%) with 2nd instars (Table 6).
l-Menthol also reduced the pupation rates (23—63%).
Emergence Rate. In general, emergence rates were
lower than pupation rates, even in controls (Tables
4—6). The number of adults emerging from the pupae
was affected slightly by any treatment and the reduc-
tions varied from 10 to 45% relative to the number of
pupae for treated European corn borer larvae. The
differences between pupation rates and emergence
rates in the controls were 5.00, 43.7, and 40.0% ob-
served in the on-diet test (reared from1st instars), the
in-diet test (reared from 1st instars), and the in-diet
test (reared from 2nd instars), respectively. The com-
pounds most active in Table 4 were l-menthol, peril-
laldehyde,a-pinene,MTEE-25,MTEE-90, andMTEE-
99. These compoundsweremore active than rotenone
butnot as active aspyrethrins.Among them,MTEE-25
showed a signiÞcant reduction (30—35%) relative to
the pupation rates in the on-diet test.
Larval and Pupal Period. Durations of larval period
were not inßuenced signiÞcantly by monoterpenoidal
compounds studied in the on-diet and the in-diet (1st
instar) assays (Tables 4 and5); however, thedurations
of the larval period of European corn borer reared
from 2nd instars in the in-diet test were affected by
treatments. Geraniol, l-menthol, and pulegone
showed signiÞcantly longer larval periods in compar-
ison with the duration of the control larval period
(Table 6). Durations of the pupal period were not
inßuenced signiÞcantly by any treatment.
Pupal weights were inßuenced by monoterpenoid
compound treatments, and most pupal weights were
reduced, with some exceptions. In the on-diet test,
citronellal, geraniol, isopulegol, linalool, thujone, and
MTEE-25 were the monoterpenoid compounds that
reduced pupal weight, whereas 4-carvomenthenol in-
creased pupal weights slightly (Table 4).
Discussion
Although many natural monoterpenoids have been
studied by researchers and cause a variety of effects in
insects (Karr and Coats 1988; Bauske et al. 1994; Rice
and Coats 1994 a, b), their spectra of activity and
modes of action as regulators of insect growth and
development are poorly understood. The current
study broadens our understanding of the potential for
monoterpenoids as insecticides acting via ingestion.
Laboratory dietary bioassays conducted showed that
16 monoterpenoids and 6 derivatives had various bi-
ological effects against the European corn borer. Nat-
ural monoterpenoids showed larvicidal activities
against the European corn borer from moderate to
high degrees, and some derivatives demonstrated en-
hanced larvicidal activity compared with the parent
monoterpenoid. Among the monoterpenoids and de-
rivatives tested, pulegone and MTEE-P (propargyl
citronellate) were the most active compounds. Mono-
cyclic monoterpenoids were generally more effective
than acyclic and bicyclic monoterpenoids in the di-
etary bioassays. Rice and Coats (1994a) observed a
similar trend with regard to larvicidal activity of
monoterpenoids against the southern corn rootworm,
Diabrotica undecimpunctata howardi (Herbst) in a soil
bioassay. Several derivatives, including trißuoroac-
etates of cyclic monoterpenoids, similarly enhanced
activity relative to their parent compound (Rice and
Coats 1994b). This illustrated that structural modiÞ-
cation, especially functional groups, can inßuence in-
secticidal effectiveness. They suggested, moreover,
that the structural characteristics of monoterpenoids
such as shape, saturation, and functional group could
inßuence their insecticidal properties. The on-diet
and in-diet tests both showed similar tendencies, al-
though the compounds were administered in 2 differ-
entways. The comparisonof 1st and2nd instars for the
in-diet experiments revealed the 1st instars to bemore
susceptible to rotenone than the 2nd instars, whereas
anopposite trendwasevident for l-menthol (i.e., older
larvae [2nd instars] were more susceptible than the
neonates). Pulegone toxicity was similar in both ex-
periments (i.e., the 2 stages of European corn borer
showed approximately equal susceptibility) (Tables 5
and 6). The example of l-menthol was particularly
striking in that the late 2nd instars were affected det-
Table 3. Larvicidal toxicity of some selected monoterpenoids
incorporated into the diet against 2nd-instar O. nubilalis after 6 d
Compound
No.
doses
na Slope 6 SE
LC50,
ppm
95% CLb
Geraniol 5 160 Ñ .10,000 Ñ*
l-Menthol 5 160 21.08 6 0.06 17.4 14.4—20.8
Pulegone 5 160 21.48 6 0.06 26.3 22.5—30.6
Rotenone 5 160 20.93 6 0.07 52.3 45.3—60.4
a Number of O. nubilalis larvae tested.
b LC50s are means of 4 replicates; LC50 values were determined by
probit analysis (SAS Institute 1991); concentrations are expressed in
parts per million (mg of compounds per g of diet); 95% CL: larvicidal
activity is considered signiÞcantly different when the 95% CLs fail to
overlap; *, unable to achieve 50% in laboratory tests.
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Table 4. Effects of selected monoterpenoids and derivatives applied on the diet on development of O. nubilalis, beginning with neonate
1st instars
Compound na Development
Concentrationsb Control
(blank)20 mg 2 mg 0.2 mg 0.02 mg 2 mg 0.2 mg
Carveol 199 % pupation 35.0 6 9.57c 75.0 6 5.00b 95.0 6 5.00a 85.0 6 9.57a 85.0 6 9.57a 100 6 9.57a 90.0 6 10.0a
% emergence 10.0 6 5.77c 50.0 6 10.00b 75.0 6 5.00ab 70.0 6 19.1ab 80.0 6 14.1a 90.0 6 5.77a 85.0 6 5.00a
Larval period,
d
30.3 6 2.62a 25.7 6 1.45a 25.8 6 1.28a 25.6 6 1.49a 24.3 6 1.00a 24.5 6 0.77a 26.3 6 0.75a
Pupal wt, mg 73.6 6 3.63a 82.9 6 0.50a 80.2 6 3.26a 76.1 6 3.49a 85.2 6 4.83a 82.1 6 4.20a 82.1 6 2.37a
4-Carvomenthenol 199 % pupation 60.0 6 11.5b 75.0 6 9.57ab 80.0 6 8.16a 95.0 6 5.00a 85.0 6 9.57a 95.0 6 5.00a 90.0 6 10.0a
% emergence 40.0 6 8.17b 60.0 6 8.17ab 70.0 6 12.9a 70.0 6 12.9a 65.0 6 15.0ab 80.0 6 8.17a 85.0 6 5.00a
Larval period,
d
26.4 6 1.22a 28.4 6 1.30a 25.8 6 1.03a 27.6 6 1.21a 24.7 6 0.89a 24.5 6 0.95a 26.3 6 0.75a
Pupal wt, mg 70.7 6 4.04b 95.8 6 5.09a 83.3 6 4.50b 78.5 6 4.08ab 87.4 6 3.14a 92.9 6 3.56a 82.1 6 2.37ab
l-Carvone 199 % pupation 0 6 0c 75.0 6 5.00b 75.0 6 9.57b 90.0 6 10.0a 90.0 6 5.77a 95.0 6 5.00a 90.0 6 10.0a
% emergence 0 6 0d 55.0 6 5.00c 70.0 6 12.9b 75.0 6 12.6b 90.0 6 5.77a 85.0 6 5.00a 85.0 6 5.00a
Larval period,
d
27.5 6 1.40a 24.7 6 0.67a 27.1 6 1.02a 24.3 6 0.64a 23.3 6 0.53a 26.3 6 0.75a
Pupal wt, mg 83.3 6 6.56a 81.8 6 3.51a 81.2 6 4.61a 76.8 6 5.19ab 65.5 6 5.35b 82.1 6 2.37a
Citronellal 199 % pupation 15.0 6 5.00c 80.0 6 8.16a 90.0 6 5.77a 80.0 6 8.16a 85.0 6 15.0a 70.0 6 12.9b 90.0 6 10.0a
% emergence 15.0 6 5.00c 70.0 6 5.77ab 65.0 6 12.6ab 65.0 6 15.0ab 75.0 6 12.6a 55.0 6 17.1b 85.0 6 5.00a
Larval period,
d
26.0 6 1.17a 26.4 6 0.85a 24.4 6 0.70a 25.0 6 0.91a 24.9 6 0.77a 23.1 6 0.91a 26.3 6 0.75a
Pupal wt, mg 77.0 6 7.85a 68.5 6 3.58ab 64.0 6 5.54b 59.9 6 4.30b 63.3 6 5.43b 56.6 6 6.66b 82.1 6 2.37a
Geraniol 199 % pupation 5.00 6 5.00c 60.0 6 11.5b 85.0 6 5.00a 85.0 6 9.57a 90.0 6 10.0a 90.0 6 5.77a 90.0 6 10.0a
% emergence 0 6 0c 50.0 6 12.9b 65.0 6 5.00b 60.0 6 11.5b 80.0 6 8.16a 45.0 6 15.0b 85.0 6 5.00a
Larval period,
d
29.0 6 0a 27.9 6 1.35a 23.7 6 0.76a 25.8 6 1.09a 24.4 6 0.80a 25.8 6 1.17a 26.3 6 0.75a
Pupal wt, mg 37.0 6 0c 73.5 6 6.87ab 61.0 6 4.75b 70.5 6 6.38ab 67.4 6 4.64ab 58.4 6 5.04b 82.1 6 2.37a
Isopulegol 199 % pupation 15.0 6 5.00b 80.0 6 8.16a 85.0 6 9.57a 95.0 6 5.00a 85.0 6 5.00a 80.0 6 8.16a 90.0 6 10.0a
% emergence 0 6 0b 75.0 6 5.00a 70.0 6 5.77a 80.0 6 8.16a 70.0 6 5.77a 70.0 6 17.3a 85.0 6 5.00a
Larval period,
d
30.3 6 1.36a 24.7 6 0.57b 24.7 6 0.99b 24.5 6 0.86b 23.2 6 0.54b 23.9 6 0.83b 26.3 6 0.75b
Pupal wt, mg 95.3 6 1.39a 69.6 6 4.7b 57.2 6 7.18b 64.1 6 5.71b 57.1 6 5.34b 62.9 6 5.02b 82.1 6 2.37a
Limonene 199 % pupation 75.0 6 9.57b 90.0 6 10.0a 85.0 6 15.0ab 90.0 6 5.77a 95.0 6 5.00a 90.0 6 10.0a 90.0 6 10.0a
% emergence 55.0 6 5.00b 65.0 6 12.6b 85.0 6 15.0a 70.0 6 12.9b 90.0 6 5.77a 80.0 6 8.16a 85.0 6 5.00a
Larval period,
d
26.1 6 1.28a 27.5 6 1.03a 23.2 6 0.63a 27.5 6 1.49a 25.0 6 0.74a 25.1 6 1.09a 26.3 6 0.75a
Pupal wt, mg 76.5 6 6.66a 87.4 6 4.24a 84.3 6 4.29a 84.6 6 6.68a 79.2 6 3.79a 69.3 6 4.18a 82.1 6 2.37a
Linalool 199 % pupation 55.0 6 15.0c 85.0 6 5.00b 85.0 6 9.57b 95.0 6 5.00a 100 6 0a 95.0 6 5.00a 90.0 6 10.0a
% emergence 45.0 6 18.9c 60.0 6 8.16bc 75.0 6 9.51a 85.0 6 9.51a 75.0 6 9.51a 80.0 6 11.5a 85.0 6 5.00a
Larval period,
d
27.9 6 1.13a 24.2 6 0.69a 26.0 6 0.93a 24.8 6 0.87a 23.6 6 0.57a 23.9 6 0.78a 26.3 6 0.75a
Pupal wt, mg 78.1 6 6.00a 67.9 6 5.00ab 68.6 6 4.59ab 68.9 6 3.88ab 60.2 6 4.70b 57.9 6 5.46b 82.1 6 2.37a
l-Menthol 199 % pupation 0 6 0c 70.0 6 5.77b 65.0 6 17.1b 60.0 6 8.16b 65.0 6 15.0b 65.0 6 15.0b 90.0 6 10.0a
% emergence 0 6 0c 40.0 6 14.1b 45.0 6 15.0b 55.0 6 9.51b 55.0 6 15.0b 50.0 6 12.9b 85.0 6 5.00a
Larval period,
d
0 6 0b 31.5 6 1.26a 28.9 6 1.70a 26.2 6 1.15a 27.3 6 1.78a 26.5 6 1.12a 26.3 6 0.75a
Pupal wt, mg 0 6 0b 76.2 6 4.57a 83.4 6 6.32a 84.6 6 4.56a 74.9 6 4.96a 77.8 6 5.13a 82.1 6 2.37a
Perillaldehyde 199 % pupation 35.0 6 5.00b 75.0 6 5.00a 85.0 6 15.0a 90.0 6 5.77a 85.0 6 9.57a 80.0 6 8.16a 90.0 6 10.0a
% emergence 30.0 6 5.77c 70.0 6 5.77b 75.0 6 12.6b 70.0 6 5.77b 75.0 6 9.51b 65.0 6 5.00b 85.0 6 5.00a
Larval period,
d
24.7 6 0.83a 27.7 6 1.12a 25.8 6 0.91a 27.7 6 1.75a 25.4 6 0.79a 23.4 6 0.75a 26.3 6 0.75a
Pupal wt, mg 94.0 6 6.58a 81.7 6 6.17b 84.1 6 5.73b 86.9 6 4.62b 79.8 6 4.54b 74.6 6 4.30b 82.1 6 2.37b
Perillyl alcohol 179 % pupation Ñ 75.0 6 9.57b 95.0 6 5.00a 85.0 6 5.00a 90.0 6 5.77a 90.0 6 5.77a 90.0 6 10.0a
% emergence Ñ 70.0 6 12.9ab 75.0 6 9.51ab 65.0 6 12.6b 70.0 6 10.0b 85.0 6 9.51a 85.0 6 5.00a
Larval period,
d
Ñ 27.8 6 1.45a 26.4 6 1.40a 26.8 6 1.30a 25.2 6 1.08a 23.8 6 0.98a 26.3 6 0.75a
Pupal wt, mg Ñ 88.3 6 4.75a 83.2 6 4.89a 77.0 6 5.46a 78.6 6 3.02a 91.2 6 4.55a 82.1 6 2.37a
a-Pinene 199 % pupation 60.0 6 14.1b 90.0 6 10.0a 90.0 6 5.77a 85.0 6 15.0a 65.0 6 17.1b 75.0 6 5.00ab 90.0 6 10.0a
% emergence 40.0 6 11.5c 65.0 6 5.00b 70.0 6 10.0b 70.0 6 19.1b 40.0 6 18.3c 60.0 6 8.16b 85.0 6 5.00a
Larval period,
d
26.3 6 1.10a 24.2 6 0.78a 25.7 6 0.75a 24.1 6 0.74a 23.5 6 0.77a 23.9 6 0.87a 26.3 6 0.75a
Pupal wt, mg 81.3 6 7.22a 73.2 6 4.20ab 83.6 6 2.95a 75.5 6 5.02ab 61.1 6 6.49b 73.5 6 6.61ab 82.1 6 2.37a
Pulegone 199 % pupation 0 6 0b 0 6 0b 80.0 6 14.1a 85.0 6 5.00a 95.0 6 5.00a 85.0 6 5.00a 90.0 6 10.0a
% emergence 0 6 0b 0 6 0b 65.0 6 17.1a 70.0 6 12.9a 80.0 6 20.0a 75.0 6 9.51a 85.0 6 5.00a
Larval period,
d
Ñ Ñ 25.9 6 1.15a 22.1 6 0.52a 23.4 6 1.03a 21.8 6 0.49a 26.3 6 0.75a
Pupal wt, mg Ñ Ñ 91.1 6 5.45a 84.2 6 4.44b 82.5 6 4.14b 79.2 6 4.20b 82.1 6 2.37b
a-Terpineol 199 % pupation 35.0 6 5.00c 65.0 6 17.1b 95.0 6 5.00a 80.0 6 8.16a 80.0 6 8.16a 85.0 6 9.57a 90.0 6 10.0a
% emergence 5.00 6 5.00b 65.0 6 17.1a 75.0 6 9.57a 70.0 6 10.0a 65.0 6 9.57a 75.0 6 5.00a 85.0 6 5.00a
Larval period,
d
31.3 6 1.67a 24.0 6 0.65b 24.3 6 0.81b 24.3 6 1.08b 24.8 6 1.28b 23.2 6 0.82b 26.3 6 0.75b
Pupal wt, mg 66.7 6 6.35b 93.3 6 4.56a 81.7 6 4.82a 86.3 6 3.60a 91.1 6 4.70a 82.4 6 3.81a 82.1 6 2.37a
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rimentally at dietary concentrations as low as 10 ppm,
whereas neonates were unaffected at 1,000 ppm. The
older larvae may have had difÞculty adapting to the
l-menthol-treated diet, as reßected in survival and
length of the larvae development period. In both de-
velopmental toxicity tests, beginningwith either 1st or
2nd instars, rotenone was more effective than the
monoterpenoids in increasing mortality or the length
of the larval and pupal development periods or de-
creasing the percentage pupation and emergence.
During these experiments, some larvae on the diet
treated with monoterpenoids crawled on the lids or
walls of the cup, avoiding contactwith the diet, andno
feeding was evident. Death often occurred for those
larvae beforemolting to the next instar. This indicated
that some monoterpenoid compounds may have an-
tifeedant or repellent effects; consequently, some lar-
vae might be dead by starvation as well as by contact
toxicity. Further study will be required to determine
the major reasons for larval mortality in comparison
Table 4. Continued
Compound na Development
Concentrationsb Control
(blank)20 mg 2 mg 0.2 mg 0.02 mg 2 mg 0.2 mg
Thujone 199 % pupation 0 6 0c 73.3 6 13.3b 100 6 0a 80.0 6 20.2b 100 6 0a 100 6 0a 90.0 6 10.0a
% emergence 0 6 0c 66.7 6 17.9b 86.7 6 6.93a 66.7 6 17.9b 93.3 6 6.93a 80.0 6 11.5a 85.0 6 5.00a
Larval period,
d
Ñ 25.4 6 0.81a 24.6 6 0.95a 25.3 6 1.06a 24.8 6 1.14a 23.4 6 0.93a 26.3 6 0.75a
Pupal wt, mg Ñ 76.3 6 4.25a 75.4 6 5.02a 67.8 6 6.81ab 76.0 6 3.87a 56.2 6 4.06b 82.1 6 2.37a
Thymol 199 % pupation 0 6 0c 50.0 6 5.77b 85.0 6 9.57a 85.0 6 9.57a 75.0 6 9.57ab 90.0 6 5.77a 90.0 6 10.0a
% emergence 0 6 0c 45.0 6 5.00b 65.0 6 17.1b 50.0 6 5.77b 60.0 6 14.1b 90.0 6 5.77a 85.0 6 5.00a
Larval period,
d
Ñ 27.0 6 2.14a 29.2 6 1.52a 28.8 6 1.74a 28.5 6 1.57a 24.8 6 1.13a 26.3 6 0.75a
Pupal wt, mg Ñ 85.2 6 4.43a 88.4 6 4.41a 84.9 6 6.21a 79.2 6 3.40a 87.2 6 3.21a 82.1 6 2.37a
MTEE-25c 179 % pupation Ñ 0 6 0c 35.0 6 9.57b 55.0 6 20.6b 55.0 6 22.2b 60.0 6 8.16b 90.0 6 10.0a
% emergence Ñ 0 6 0c 20.0 6 8.16b 25.0 6 18.9b 25.0 6 15.0b 25.0 6 15.0b 85.0 6 5.00a
Larval period,
d
Ñ Ñ 28.6 6 1.83a 29.9 6 1.72a 27.9 6 1.45a 24.2 6 1.02a 26.3 6 0.75a
Pupal wt, mg Ñ Ñ 64.3 6 6.88b 60.6 6 5.06b 71.4 6 5.25b 54.7 6 5.60b 82.1 6 2.37a
MTEE-35 179 % pupation Ñ 70.0 6 10.0b 75.0 6 9.57b 85.0 6 9.57a 75.0 6 5.00b 85.0 6 5.00a 90.0 6 10.0a
% emergence Ñ 55.0 6 20.6b 55.0 6 17.1b 55.0 6 22.2b 65.0 6 17.1b 80.0 6 8.16a 85.0 6 5.00a
Larval period,
d
Ñ 27.7 6 1.48a 29.0 6 1.11a 27.6 6 1.27a 24.1 6 0.83a 25.5 6 1.08a 26.3 6 0.75a
Pupal wt, mg Ñ 83.7 6 5.67a 83.3 6 5.11a 78.0 6 3.13a 82.6 6 3.87a 85.7 6 4.66a 82.1 6 2.37a
MTEE-76 179 % Pupation Ñ 15.0 6 5.00c 35.0 6 5.00c 70.0 6 5.77b 90.0 6 5.77a 85.0 6 9.57a 90.0 6 10.0a
% emergence Ñ 15.0 6 5.00b 30.0 6 5.77b 60.0 6 14.1a 75.0 6 12.6a 65.0 6 12.6a 85.0 6 5.00a
Larval period,
d
Ñ 32.3 6 2.18a 26.9 6 2.20b 24.9 6 0.84b 25.9 6 1.07b 25.4 6 1.15b 26.3 6 0.75b
Pupal wt, mg Ñ 76.7 6 2.89b 89.7 6 11.1a 83.8 6 3.53a 82.5 6 3.49a 75.9 6 3.84b 82.1 6 2.37a
MTEE-90 199 % pupation 0 6 0d 70.0 6 10.0bc 75.0 6 5.00b 80.0 6 8.16b 75.0 6 9.57b 65.0 6 23.6c 90.0 6 10.0a
% emergence 0 6 0c 60.0 6 8.16b 65.0 6 9.57b 85.0 6 5.00a 65.0 6 5.00b 55.0 6 5.00b 85.0 6 5.00a
Larval period,
d
Ñ 28.4 6 1.57a 23.8 6 0.99a 26.3 6 1.13a 24.7 6 1.32a 26.2 6 1.39a 26.3 6 0.75a
Pupal wt, mg Ñ 79.4 6 4.76a 86.0 6 5.03a 89.6 6 4.08a 86.3 6 5.86a 74.9 6 5.82a 82.1 6 2.37a
MTEE-99 179 % pupation Ñ 55.0 6 9.57b 50.0 6 12.9b 25.0 6 5.00b 45.0 6 17.1b 30.0 6 12.9b 90.0 6 10.0a
% emergence Ñ 40.0 6 8.16b 45.0 6 15.0b 25.0 6 5.00b 35.0 6 12.6b 20.0 6 8.16b 85.0 6 5.00a
Larval period,
d
Ñ 26.0 6 1.66a 26.2 6 1.26a 24.8 6 0.73a 25.9 6 1.17a 25.9 6 1.53a 26.3 6 0.75a
Pupal wt, mg Ñ 78.4 6 6.09b 79.5 6 4.81b 91.0 6 0.01a 77.7 6 6.53b 78.7 6 0.01b 82.1 6 2.37b
MTEE-P 199 % pupation 0 6 0d 0 6 0d 20.0 6 8.16c 70.0 6 5.77b 70.0 6 5.77b 95.0 6 5.00a 90.0 6 10.0a
% emergence 0 6 0d 0 6 0d 20.0 6 8.16c 60.0 6 8.16b 50.0 6 5.77b 80.0 6 8.16a 85.0 6 5.00a
Larval period,
d
Ñ Ñ 25.3 6 0.75a 27.1 6 1.26a 26.1 6 1.39a 24.3 6 0.85a 26.3 6 0.75a
Pupal wt, mg Ñ Ñ 82.8 6 7.55a 87.4 6 3.18a 78.4 6 5.64a 82.9 6 3.95a 82.1 6 2.37a
Pyrethrinsd 199 % pupation 0 6 0c 0 6 0c 0 6 0c 0 6 0c 0 6 0c 60.0 6 8.16b 90.0 6 10.0a
% emergence 0 6 0c 0 6 0c 0 6 0c 0 6 0c 0 6 0c 30.0 6 10.0b 85.0 6 5.00a
Larval period,
d
Ñ Ñ Ñ Ñ Ñ 29.3 6 2.32a 26.3 6 0.75a
Pupal wt, mg Ñ Ñ Ñ Ñ Ñ 64.9 6 6.00b 82.1 6 2.37a
Rotenone 199 % pupation 0 6 0c 0 6 0c 0 6 0c 20.0 6 8.16b 70.0 6 12.9a 85.0 6 9.57a 90.0 6 10.0a
% emergence 0 6 0c 0 6 0c 0 6 0c 15.0 6 9.57b 40.0 6 14.1b 70.0 6 12.9a 85.0 6 5.00a
Larval period,
d
Ñ Ñ Ñ 33.8 6 2.36a 29.4 6 1.39a 26.1 6 1.32a 26.3 6 0.75a
Pupal wt, mg Ñ Ñ Ñ 76.5 6 6.05a 71.1 6 5.40ab 66.5 6 5.48b 82.1 6 2.37a
All values are means 6 standard error of mean (SEM) of replicates. Means within a row followed by the same letter are not signiÞcantly
different (LSD, P 5 0.05; SAS Institute 1991).
a Number of individual O. nubilalis larvae tested.
b Concentrations are expressed in mg or mg of compounds on the diet in cups.
c MTEEÑMonoterpenoid derivatives (see Fig. 2).
d Concentration adjusted for 20% (AI).
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with the correlation of antifeedant activity or repel-
lency. Although these larvicidal toxicity data suggest
that some monotepenoids had some degree of insec-
ticidal activity and some of the synthetic derivatives
showed enhanced activity, these monoterpenoids are
less effective than pyrethrins and rotenone, the 2 nat-
ural insecticides used as standards.
The chronic evaluation study investigated the in-
sect growth inhibitory effects of monoterpenoid com-
pounds. Some monoterpenoid compounds adversely
inßuenced growth and development of the European
corn borer. Pupation rates were affected by l-menthol
(20—30%) at all concentrations tested, and some
monoterpenoid derivatives (MTEE-25, -99, -P)
showed signiÞcantly reduced pupation rates (20—70%
compared with controls). Pulegone also reduced pu-
pation rate. Emergence rates were relatively lower
than the untreated diet. MTEE-25 signiÞcantly re-
duced emergence rates (25—30%) compared with the
untreated control. However, none of the treatments
signiÞcantly affected durations of the pupal period,
although geraniol, l-menthol, and pulegone delayed
larval periods of 2nd-instar European corn borers in
the in-diet test. Furthermore, in most monoterpenoid
compound treatments, pupal weight was reduced at 1
or more concentrations.
Harwood et al. (1990) reported that menthol, men-
thone, and pulegone deleteriously affected in growth,
feeding, and pupation of Peridroma saucia (Hu¨bner)
larvae. Pulegone is an effective defensive monoterpe-
noidbecause of its antifeedant activity that also affects
insect development and reproduction (Gunderson et
al. 1985). d-Limonene, linalool, b-myrcene, and a-ter-
pineol signiÞcantly reduced the days required for de-
velopment through the nymphal stages in the German
cockroach, Blattella germanica (L.) fed treated diet,
and especially d-limonene signiÞcantly shortened the
time required to reach the adult (Karr and Coats
1992). Two monoterpenoids also have been shown to
reduce the development time for Aedes aegypti mos-
quito larvae (Tsao et al. 1995). Binder et al. (1995)
reported that structural modiÞcation at a single ter-
minal functional group in the plant sesquiterpenoids
farnesene, nerolidol, and farnesol affected the ovipo-
sitional behavior of European corn borer females. Be-
ninger et al. (1993) reported in an artiÞcial diet study
that diterpenes, from another terpenoid group, also
showed the potential to protect crops from the Eu-
ropean corn borer; as an example, 3-epicaryoptin in-
creased mortality and reduced growth of the Euro-
pean corn borer.
In summary, larvicidal and insect growth regulation
activity could be beneÞcial as possible control agents
for the European corn borer. Some natural monoter-
penoids showed larvicidal activity and insect growth
regulation effects in the current study, and derivati-
zation created some compounds (2-ßuoroethyl thy-
myl ether and propargyl citronellate) with enhanced
biological activity against the European corn borer;
however, they are not as potent as many commercial
insecticides. Further research is needed to synthesize
more enhancedderivatives and to elucidate themech-
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anisms of regulation on insect growth and develop-
ment inducedbymonoterpenoids.Wehope this study
will contribute toward the consideration of monoter-
penoids fornaturalmeansof insect control and toward
understanding the modes of biological action of the
monoterpenoids.
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